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SATELLITE COMhlUNICATION SYSTEM 
James E. Webb, Adminkator  of the National Aeronau- 
tics snd Space Administration, with respecf to an inven- 
tion 6f Glenn W. Preston, Bala-Cynwyd, Pa. 
Filed Der, 23, 1965, Ser. No. 516,162 
12 e- (Ci. 343-Zoo) 
This invention relates to a communication satellite 
system and more particularly to a radio communications 
system wherein an arbiting radio relay satellite is 
equipped with an antenna which is electronically steer- 
able from the ground m response to a variable-frequency 
signal, permitting the antenna to continuously direct its 
output beam to a ground station as the satellite moves 
along its orbit. 
Variows systems have been proposed heretofore which 
employ orbiting satellites as relay stations in the trans- 
mission of radio signals Erom one point to another on the 
earth. Inasmuch as the satellite is constantly moving rela- 
tive to the various ground stations on the earth, it has 
not been feasible, heretofore, to employ highly direction- 
alized antennas in the satellite without also employing 
active servomechanisms to continuously maintain the de- 
sired orientation of the antenna relative to the ground 
station. The use of highly directional antennas is desired 
in order to minimize the pawer requirements of the radio 
transmission system. However, antenna positioning servo- 
mechanisms, as heretofore required for highly djrectional 
antennas, are complex, require considerabIe amounts of 
operating power, and significantly add to the weight of the 
satellite. An alternative technique is to employ non-di- 
rectional antennas; however, this results in a very low ef- 
ficiency of the radiated energy. The present invention 
avoids the problems of these alternatives by equipping 
the satellite with an antenna which is fixedly attached to 
the main structure of the satellite and the beam pattern 
of which is electronically steerable in response to signals 
emanating from the ground. The antenna is similar to cer- 
tain types of radar antennas used heretofore which can 
be made to sweep their beam through an angle by varying 
the frequency of the camer of the radiated signal. That 
is, for example, at the lowest frequency the beam may 
be directed to the left while at the highest frequency the 
beam is directed towards the right. At an intermediate fre- 
quency the antenna beam will be directed along a path 
midway between the right and left limits. 
In use, a ground station having data indicating the in- 
stantaneous orbital position of the satellite and the ground 
location of a desired receiving station, is used to send 
a selective frequency modulated signal to the satellite to 
direct the antenna beam directly at the receiving station. 
The frequency is varied to keep the beam aimed at the 
ground station as the satellite moves. The principal ad- 
vantage of such a system is that much less power is re- 
quired by the satellite since the beam is aimed directly 
at the receiver. Since no complex mechanical or electro- 
mechanical servomechanisms are required there i s  a sig- 
nificant saving in weight in the satellite and there is no 
requirement for a power supply to operate such a servo- 
mechanism. k further weight reduction results in a reduc- 
tion in the size of the transmitting apparatus due to the 
increased efficiency of a beamed transmission as contrasted 
with a nondirectional transmission. 
An overall system typically will comprise a plurality 
of transmitters, receivers, a satellite relay, and control 
computers. The transmitters and receivers perform their 
normal functions in the radio communications system of 
carrier frequency generation, modulation, and demodula- 
tion. In a preferred construction of the invention, the 
transmitting ground station, will, in addition to the nor- 
mal functions, have tho capability of generating simul- 
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taneously two or more carrier frequencies each of which 
may be changed continuously at the command of a con. 
trol computer. One of the carriers (which may be oper- 
ated only intermittently) is used for obtaining satellite 
position and orientation data. This will be referred to, 
hereinafter, as the %acking” carrier. The remaining car- 
riers comprise the information camers and are modulated 
by the desired messages to be transmitted to the receiving 
ground stations. 
The frequency of each information carrier is related to 
the position and orientation of the satellite and the posi- 
tion of the selected receiving ground station. This fre- 
quency wiil change continuoudy with the satellite’s posi- 
tion and orientation. The information carrier frequency 
is computed by the control computer on the basis of data 
obtained from the tracking carrier and of the known loca- 
tion of the desired ground station. As the position and 
orientation of the relay satellite change, the information 
carrier frequencies are caused to undergo corresponding 
changes which will generally be much larger than the 
modulation bandwidth. 
The relay satellite itself consists of a receiving antenna 
(the directivity of which depends upon the degree of ver- 
tical stabilization which can be maintained) for receiving 
signals from any visible point on the earth; a linear ampli- 
fier, one or more fixed tuned oscillators for converting to 
down leg carrier frequencies, a power source, orientation 
stabilization elements, and a transmitting antenna array 
which forms a beam, for each carrier, having a direction 
dependent upon the down leg carrier frequency and the 
physical properties of the array. In a preferred embodi- 
ment the transmitting antenna comprises a linear array or 
a two-dimensional array which may be approximately 
oriented and stabilized to align itself either along the 
earth’s gravitational field or at right angle to it. 
The practical advantages of the present invention all 
derive from the use of the frequency scanned transmitting 
antenna in the satellite since this makes it possible to form 
a directional beam on the down leg for each receiving 
station, simultaneously, merely by the proper control of 
the frequency of the up leg information carrier. To do 
this mechanically would require a separate tracking 
antenna in the relay satellite for each ground station. 
Other known electrical beam scanning methods do not 
have a multiple access capability. That is, they do  not 
have the ability to form more than one separately di- 
rected down-leg beam at any one time. The ability of the 
present invention to form, simultaneously, a directional, 
electrically steerable beam for each signal channel greatly 
reduces the necessary satellite transmitter power and also 
provides isolation of down-leg signals to different ground 
stations. The active electrical elements of the present in- 
vention are actually less complex and hence, less liable to 
failure, than other known multiple access repeaters, which 
usually require special circuitry to reduce the effects of 
intermodulation distortion. 
From the description which follows it will be seen that 
the invention resides partly in the physical and elec- 
trical structure and interrelationships embodied in the 
satellite’s transmitting antenna and the ground station 
components of the system, as herein specifically illus- 
trated, but also embraces the concept of the system itself, 
considered as an integrated whole, and independently of 
the structural details of its several parts. 
In the drawings: 
FIGURE 1 diagrammatically illustrates the principal 
components of a typical communications system con- 
structed in accordance with the invention, and which 
comprises a single transmitting ground station, a relay 
satellite, and a pair of receiving ground stations. 
FIGURE 2 is a block diagram of the system of 
FIOURE 1. 
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FIGURE 3 diagrammatically illustrates the scanning preferably comprises a two-dimensional phase monopulse 
pattern of the satellite’s transmitting antenna. antenna structure for accurate angular trucking of thc 
Inasmuch as each of the funclional units rcpresentcd satellite’s position. 7hc signal received by this nntcnna 
by a rectangle in FIOURE 2 may be any one of the structure 24 ir supplied to receiving demodulator 25, The 
numerous devices for each respective function well known 5 frequency for which the returned aiynal is strongest cor- 
in the art, it is deemed unnecessary to show circuit and/or responds to one component of the satcllite’s oscillations 
structural details. The description of the invention that about the gravitional gradient, as will be discussed more 
follows is deemed to be sufficient to enable those skilled fully hereinafter. As the received signal intensity falls 
in the art to practice it. off, the corresponding reduction from the output of 
Looking now at FIGURE 1, there is shown a plurality 10 demodulator 29 appearing on line 32 will shift the track- 
of ground stations 1-3 located at various places on the ing carrier frequency of transmitter 23 in response to 
Earth 4, and a satellite 5 carrying the frequency scanned modulator 26 which is under the control of the demodu- 
array apparatus of the invention. For the purpose of illus- lated signal on line 32. Thus, the loop between trans- 
tration, assume that ground station 1 is the transmitting mitting antenna 27 and receiving antenna 28 is closed via 
station and ground stations 2 and 3 comprise individual 15 the satellite 5. The satellite trajectory signal appears on 
down-leg receiving stations. The transmitting station 1 line 29 and comprises the active variable input to the trans- 
transmits the information which is to be relayed, to the mitter control computer 18. 
satellite’s receiving antenna on a selected carrier frequency The purpose of the tracking carrier is to determine the 
which will determine the beam angle 6 of the re-trans- orientation and position of the satellite 5 at all times in 
mitted signal from the satellite 5. 20 order that the information carriers be given the proper 
FIGURE 2 is a block diagram illustrating the Various frequency to direct the down-leg beams towards the in- 
components making up the communications system of tended receiving ground stations. If the relay array (re- 
FIGURE 1. The transmitting ground station COmponentS transmitting antenna) in the satellite were at all times 
are enclosed within dotted outline 7 and Comprise a perfectly stabilized so that its orientation would be known 
plurality of signal sources, which may, for example, be 25 at all times, the required information carrier frequency 
voice inputs, television transmissions, teletype signals, could be computed from the relative position of the relay 
etc. Although only two signal sources 8 and 9 are shown, satellite and the receiving ground station. In  such a situa- 
it should be understood that additional channels may be tion, the use of the tracking carrier would be unneces- 
added as required. The outputs of the Signal sources 8 sary. In order to make it possible to operate the system 
and 9 are supplied to corresponding modulators 11 and 30 of the present invention with imperfectly stabilized satel- 
12, respectively, of any suitable and well-known con- lite antennas, the tracking carrier is continuously adjusted 
struction capable of modulating the transmitted carrier as so that it forms a beam in the satellite transmitting array 
a function of the input signals. The radio-freqtlency car- Bhich is always directed back towards the ground sta- 
riers which are to be modulated are generated by cot- tion 7. 
responding ones of transmitters 13 and 14. The ‘modulated 35 In order to facilitate satellite orientation tracking, the 
radio-frequency outputs from transmitters 13 and 14 tracking carrier is modulated or swept systematically to 
are supplied to transmitting antenna 15. In order to determine that frequency for which maximum power is 
selectively control the carrier frequency for each indi- observed at  the ground station 7. The analysis of the 
vidual transmitting channel, SO as to ultimately result in oscillations of the satellite antenna about the vertical axis 
the desired re-transmission beam angle from the Satellite, 4O might be accomplished more rapidly by consolidating the 
individual carrier-frequency controls 16 and 17 are con- tracking information from several ground sites using the 
nected to corresponding ones of the transmitters 13 and satellite itself for communicating these data. The informa- 
14. Each of these carrier-frequency controls (16 and 17) tion bandwidth required for this purpose is minute com- 
comprise any suitable and well-known circuit device pared to the signal bandwidth since the satellite oscilla- 
such as an electron-coupled oscillator ( E c o )  for varying 45 tions are merely periodic and change very slowly. 
the output frequency of the associated transmitter. Each The ground station transmitter antenna 27 preferably 
of the carrier-frequency controls 16-17 are responsive to is provided with phase monopulse circuits for accurate 
the transmitter control computer 18. The output of the angular tracking of the satellite 5, and the tracking car- 
transmitter control comP11ter 18 appears on line 19 and rier may be modulated in order to also provide precisc 
may comprise a Control voltage for adjusting the carrier 50 satellite range data to the control computer 18. 
frequency controls 16 and 17. As stated previously, the fixed input to computer 18 
The selected carrier frequencies for each of the two together with the variable input appearing on line 29 will 
transmitting channels, as ultimately determined by the generate a computer control signal on line 19 which will 
output of the transmitter control Computer 18, is corn- continuously adjust the carrier frequencies of the data 
puted from information derived from stored data and 55 channel transmitters 13 and 14. 
from active data relating to the satellite’s instantaneous The receiving antenna 33 in the satellite 5 comprises a 
position. broadband, directional antenna which is oriented with re- 
The stored data are recorded in a suitable memoty spect to the satellite to be responsive to the signal trans- 
device 21 and comprise given Satellite trajectory informa- mitted from antenna 15. The degree of directivity of an- 
tion as well as the locations of the ground receiving sta- 60 tenna 33 is dependent upon the degree of vertical stabiliza- 
tions. A rewriter 22 Permits these stored data to be tion which can be maintained by the satellite, but which 
modified or updated if the orbital path of the satelite 5 will in any event receive signals from any visible point 
is permanently altered and/or if the location of one Or on the earth. The broadband signal picked up by this 
more of the ground receiving stations 3 or 4 is changed. antenna 33 is supplied to linear amplifier 34 where it is 
The active data relating to the instantaneous location 66 amplified and then supplied to the input of relay trans- 
of the satellite 5 in its permanent orbit is obtained by a mitter 35. The output of transmitter 35 is supplied to the 
closed-loop system comprising tracking carrier tmnsmit- frequency-scanned steerable array antenna 36, which com- 
ter 23, angle tracking receiver 24, demodulator 25, and prises the re-transmitting antenna of the satellite system. 
modulator 26. The tracking carrier transmitter 23, trans- The satellite 5 includes a suitable power supply 37 for 
mist a beam via antenna 27 to the satellite 5 which re- 70 energizing .the receiving amplifier 34 and the re-trans- 
lays the simal back to receiving antenna 28. The trackihg rnitting transmitter 35 as well as such other electrical sub- 
carrier is modulated and deviated in a systematic way to assemblies as may be required. 
determine that frequency for which maximum power is An orientation stabilization mechanism 38 is also in- 
observed at  the ground station 1. The returned tracking cluded within the satellite to maintain a given oricntation 
carrier signal is picked up by receiving antenna 28 which 75 of the re-transmitting antenna 36, as well as receiving an- 
. 
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tenna 33, with respect to the earth. That is, there is a single 
optimum relative position of the steerable array 36 with 
respect to the earth, as the satellite moves through its 
predetermined orbital path, as required to carry out the in- 
tended purpose of the inventon. This does not require, 
however, that the steerable a m y  be mechanically oriented 
in order to fitvorabty beam its output to any particular 
ground receiving station. The reason for this is that steer- 
ing of the ou€put beam is accomplished by purely elec- 
tronic means (as opposed to mechanical means) and a 
plurality of separate output beams may be transmitted at 
separate angles, concurrently. 
The ground receiving statians, as indicated at 3 and 
4, may be widely spaced at individuai locations on the 
earth. The degree of separation is timited only by the 
requirement that they be within line of sight of the satel- 
lite and within the sweep capabilities of the scanning an- 
tenna 36. As in the previowfy described portions of the 
communications system, the components comprising the 
individual gmund receiving stations 3 and 4 may comprise 
conventional devices such as suitable and well-known 
radio receivers modified only to the extent that they are 
provided with means for faowing changes in the fre- 
quency of the received %formation carrier. 
To facatate an aderstanding of the orientation sta- 
bilization requirements of the satellite portion of the 
first described the 
about the vertical 
axis are those of a simple pen&uIum (i.e., equal move- 
ments of inertia a m  axes normal to the antenna axis, 
small oscillations). 
Let p be the lateral displacement of a ,unit vector point- 
ing a€ong the antenna axis with its origin at the satellite 
center of gravity. 
Image a plane which is orthogonal to the gravitational 
vector, and a coordinate system whose origin is the pro- 
jection of the satellite center of gravity along the vertical. 
The ground station under consideration lies in the plane 
of the vertical and the x axis. The orientation of the satel- 
lite axis is characterized by the coordinate x, y at which 
its axis intersects the re€erence piane. 
Under the above assumptions, the motion of each of the 
coordinate points x, y will be periodic with the same 
period but generaly different amplitude and phase, 
x=xm cos (Ot+&) 
Y=Ym COS ( ~ i + O y )  
Let fi  be the angle subtended at the satellite center of 
gravity by the vertical and the line of sight to the ground 
station, then the angle p betwee& the line of sight and the 
antenna axis is appmximately 
&=p--X 
The relationship betwen carrier frequency and cone 
angle p about the antenna axis of the? abeam formed by the 
frequency scanned linear array is 
where n is a positive integer (one or two, in practice), D 
is th& physical distance between the array elements, c 
the velocity of light, and T the equivalent time deiay be- 
tween elements. The angle p is known from satellite 
tracking data. 
By cfeviating the tracking carrier in one of Bewral 
systematic ways, a measurement can be made of the 
down-leg frequency f for which maximum signal strength 
is obtained (a-t the ground station); this corresponds to the 
cone angle @ of the satellite beam when it is directed at 
the ground station. The component of satellite oscillation 
x and hence (xm, O,, 0 )  can be determined. Other com- 
ponents of satellite oscillation can be measured concur- 
rently from other ground stations although all components 
can be measured from any one ground &ation in the 
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course of time due to the changing relative position of the 
satellite and ground station. 
The invention is not limited to but one construction of 
antenna 36 inasmuch as there are ti number of frequency 
scanned arrays which are suitable for carrying out the 
intended function of the invention, as will be apparent to 
those versed in the art. By way of example, in its simplest 
form, antenna 36 may comprise a linear array of radiating 
elements, the successive elements of which are coupled by 
means of waveguides. These waveguide couplers introduce 
a time delay between the elements which is somewhat 
greater than the free space propagation time between 
them. The array is driven at one end. 
The relationship between the direction angle p of the 
conical. beam, frequency, and the physical parameters 
of such an antenna system is 
where n may be any positive integer (usually one or two), 
T is the time delay of the couplers, 
D 
To=- 
C 
(D is the physical spacing of the array elements, c the 
velocity of light). 
In  order that the *antenna gain for all of the modulation 
side bands of the carrier be approximately qeual; it has 
been shown from theory that the coupler delay r must be 
given by 
where p' is a mean angle between zero and the cone 
angle subtended by the horizon from the satellite, G is the 
satellite antenna array gain, W is the modulation band- 
width of the information bearing signal. 
In addition to the above described waveguide coupled 
linear array, another suitable embodiment of a frequency 
scanned array may comprise a rectangular waveguide 
made in the farm of a corkscrew with slots in the periph- 
eral face. The slots are spaced apart at 90 degree intervals 
with respect to rotation about the screw thus forming four 
vertical tinear arrays. Alternatively, the slots may be 
spaced at 60 degree intervals to form six vertical linear ar- 
rays. In either case the pitch and radius of the slotted cork- 
screw waveguide structure is such that that propagation 
time 7 around one loop will be equal to 
where roc is the pitch of the screw. 
The operation of the above-described system may be 
summarized as follows: 
The transmitter generates a tracking carrier which is 
modulated and deviated in a systematic way; this is trans- 
mitted to the satellite and rqlayed therefrom. The returned 
tracking carrier is received through an antenna structure 
which may be equipped with a two-dimensional phase 
monopulse structure for accurate angular tracking of the 
satellite's position. The returned tracking carrier is then 
demodulated and the frequency for which the returned 
tracking signal is strongest corresponds to one component 
of the satellite's oscillations about the gravitational gradi- 
ent. This measured frequency is used to correct the 
tracking carrier frequency forming a closed-loop tracking 
system. The satellite's orbital location can be derived in 
real time from this closed-loop tracking system. 
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The transmitter control computer contains stored data 
on the satellite's trajectory, together with orientation and 
location data of all the ground receiving stations. The 
stored satellite trajectory and orientation data must be 
continuaIly updated on the basis of tracking carrier data. 
The control computer generates instructions for the 
initial tracking carrier frequency, the information carrier 
frequencies (this will generally be different for each of 
the various ground receiving stations) and possible an- 
tenna steering instructions. 
Under the control of the ,transmitter control com- 
puter the ground-based transmitters (e.g., transmitters 
13 and 14 of FIGURE 2) generate a carrier for each 
receiving station being addressed (e&, stations 3 and 
4). the frequency of each carrier being altered con- 
tinuausly according to the instructions from the control 
computer. The output beam of the satellite's re-transmit- 
ting antenna may be made to scan a pattern as shown in 
FIGURE 3 in response to a cyclically changing infor- 
mation carrier frequency. The'RF or I F  sections of re- 
ceivers 41  and 42, which are responsive to corresponding 
ones of the information carries, are dynamically tuned on 
instructions from their associated control computers 43 
and 44, respectively. In this way noise and interference 
are reduced. This dynamic tuning can be done since the 
carrier frequency which will direct a beam at the ground 
receiver can be pre-computed and thereafter updated on 
the basis of information received via the information 
carrier. 
While there have been shown and described and pointed 
out the fundamental novel features of the invention as 
applied to a preferred embodiment, it will be understood 
that various omissions and substitutions and changes in 
the form and details of the device illustrated and in its 
operation may be made by those skilled in the art, with- 
out departing from the spirit of the invention; therefore, 
it is intended that the inventon be limited only as indi- 
cated by the scope of the following claims. 
What is claimed is: 
1. The method of transmitting G radio signal between 
first and second spaced-apart stations via an orbiting re- 
lay satellite station, comprising the steps of: 
transmitting a signal-modulated carrier from said first 
station to said satellite station at an initial carrier 
frequency which is related to the location and 
orientation of said satellite station with respect to 
said second station; 
re-transmitting the carrier received at said satellite sta- 
tion from said first station to said second station 
by means of a directional antenna whose beam angle 
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4. The method as defined in claim 3 including the step 
receiving said re-transmitted signal-modulated carrier 
at said second station by means of a dynamically- 
tuned receiver responsive to said orbital path infor- 
mation. 
5. The method as defined in claim 3 including the step 
of: 
5 
of: 
vertically stabilizing the orientation of said satellite 
station with respect to the earth's gravitational field. 
6. A radio communications system comprising: 
first and second spaced-apart stations; 
an orbiting relay satellite station; 
transmitting means for radiating a signal modulated 
carrier from said first station to said satellite station 
at an initial carrier frequency which is related to 
an initial location and orientation of said satellite 
station with respect to said second station; 
a directional antenna, carried by said satellite station, 
having a beam angle which is a function of the fre- 
quency of said signal modulated carrier; 
re-transmitting means carried by said satellite station, 
for receiving said signal modulated carrier from said 
transmitting means and re-transmitting said received 
signal modulated carrier via said directional an- 
tenna; and 
means located at said first station for varying said 
initial frequency of said signal modulated carrier in 
response. to changes in the orientation and orbital 
path of said satellite station. 
7. The system as defined in claim 6 having: 
means located at said first station for transmitting a 
tracking carrier to said satellite station for re-trans- 
mission therefrom; 
a receiver located at said first station for receiving a 
re-transmitted tracking carrier from said re-transmit- 
ting means; and 
means located at said first station to shift the frequency 
of said tracking carrier to obtain maximum signal 
strength of the re-transmitted tracking carrier re- 
ceived by said receiver and thereby obtain an indica- 
tion of the orientation and orbital path of said satel- 
lite station. 
8. The system as defined in claim 7 including: 
a dynamically tuned receiving means located at said 
second station, and responsive to changes in the 
orientation and orbital path of said satellite station, 
to receive said re-transmitted signal modulated 
carrier. 
9. The system as defined in claim 7 having: 
mean3 located at said satellite station for vertically 
stabilizing the orientation of said satellite station with 
respect to the earth's gravitational field. 
10. A satellite communication system comprising: 
a first station transmitter for transmitting a signal- 
modulated carrier; 
control means connected to said first station transmitter 
for selectively varying the frequency of said carrier; 
a satellite receiver for receiving said carrier; 
a satellite transmitter connected to said satellite receiver 
for re-transmitting said carrier; 
a frequency-scanned directional antenna connected to 
said satellite transmitter for radiating said re-trans- 
mitted carrier in a direction which varies in accord- 
ance with changes in the frequency of said carrier; 
and 
a second station receiver spaced apart from said first 
station transmitter for receiving said re-transmitted 
carrier from said antenna. 
11. A satellite communication system as defined in 
is- a function of the frequency of said carrier; and. 
varying said initial frequency of said carrier in re- 
sponse to changes in the orientation and orbital path 
of said satellite station. 65 
2. The method as defined in claim 1 including the steps 
transmitting a tracking carrier from said first station 
to said satellite station; 
re-transmitting said tracking carrier from said satellite 60 
station; 
receiving said re-transmitted tracking carrier at said 
first station; and 
shifting the frequency of said tracking carrier trans- 
mitted from said first station to obtain maximum 66 
signal strength of the re-transmitted tracking car- 
rier received at said first station and thereby obtain 
an indication of the orientation and orbital path of 
said satellite station. "n 
of: 
3. The method as defined in claim 2 including the step '" claim 10 wherein said control 
transmitting satellite orientation and orbital path in- 
formation from said first station to said second sta- 
tion via said satellite station. 75 ceiver. 
;omprises: 
of: a computer for varying said carrier frequency in re- 
sponse to changes in the location and orientation of 
said antenna with respect to said second station re- 
e. 
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